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Abstract
Consumption of meals with different macronutrient contents, especially high in carbohydrates, may influence the stress-
induced physiological and psychological response. The objective of this study was to investigate effects of consumption of
a high-protein vs. high-carbohydrate meal on the physiological cortisol response and psychological mood response.
Subjects (n = 38, 19m/19f, age = 2569 yrs, BMI = 25.063.3 kg/m2) came to the university four times, fasted, for either
condition: rest-protein, stress-protein, rest-carbohydrate, stress-carbohydrate (randomized cross-over design). Stress was
induced by means of a psychological computer-test. The test-meal was either a high-protein meal (En% P/C/F 65/5/30) or a
high-carbohydrate meal (En% P/C/F 6/64/30), both meals were matched for energy density (4 kJ/g) and daily energy
requirements (30%). Per test-session salivary cortisol levels, appetite profile, mood state and level of anxiety were measured.
High hunger, low satiety (81616, 12615 mmVAS) confirmed the fasted state. The stress condition was confirmed by
increased feelings of depression, tension, anger, anxiety (AUC stress vs. rest p,0.02). Consumption of the high-protein vs.
high-carbohydrate meal did not affect feelings of depression, tension, anger, anxiety. Cortisol levels did not differ between
the four test-sessions in men and women (AUC nmol?min/L p.0.1). Consumption of the test-meals increased cortisol levels
in men in all conditions (p,0.01), and in women in the rest-protein and stress-protein condition (p,0.03). Men showed
higher cortisol levels than women (AUC nmol?min/L p,0.0001). Consumption of meals with different macronutrient
contents, i.e. high-protein vs. high-carbohydrate, does not influence the physiological and psychological response
differentially. Men show a higher meal-induced salivary cortisol response compared with women.
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Introduction
Recent human studies have shown a possible relationship
between stress and the increased prevalence of obesity [1,2,3,4].
The stress response involves the hypothalamus pituitary adrenal
(HPA) axis, which regulates the secretion of its end-product
cortisol [3]. Chronic stress is associated with hyperactivity of the
HPA axis and consequently increased cortisol levels, which have
been associated with visceral fat accumulation and obesity [1,5,6].
During stress, food choice is often shifted towards sweet and fat
foods, possibly because they are perceived as highly rewarding
[7,8,9]. However, consumption of some of these preferred or
highly rewarding foods, namely carbohydrates, may not reduce
stress but even increase stress, i.e. increased HPA-axis activity,
represented by cortisol concentrations. A study by Vicennati et al.
[10] showed that, in contrast to a high-protein/fat meal, a high-
carbohydrate meal significantly increased the plasma cortisol levels
in visceral obese subjects. Lacroix et al. [11] showed that high-
protein/high-fat foods reduce cortisol concentrations remarkably
in rats. Moreover, a study by Martens et al. [12] investigating the
effects of single macronutrients on serum cortisol concentrations in
normal weight men showed that the cortisol response to
consumption of carbohydrates was higher than the cortisol
response to consumption of fats or proteins. Carbohydrates
increased serum cortisol concentrations while fat as well as protein
did not relative to water [12].
On the other hand, Gibson et al. [13] and Slag et al. [14]
showed increased cortisol levels induced by a protein-rich meal. A
study by Gonzalez-Bono et al. [15] showed neither a difference
between the effects of macronutrients on salivary cortisol levels,
nor a cortisol response to meal consumption. Lovallo et al. [16]
showed no meal-induced salivary cortisol response in the case of a
mental stressor followed by a meal but did show a meal-induced
cortisol response in the case of a physical stressor followed by a
meal.
These studies show that the effects of macronutrients on the
response of the HPA axis are still controversial. Little is known
about the response of a physiological challenge such as food intake
following a psychological stress challenge. This study was,
therefore, carried out to investigate possible effects of consumption
of comparable meals with different macronutrient contents (high-
protein vs. high-carbohydrate) on the physiological cortisol
response under stress. Moreover, we wanted to investigate the
possible effects of high-protein vs. high-carbohydrate meals on the
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psychological mood response. Increases in negative mood in
response to stressors can lead to greater food intake [9,17].
Consumption of foods that improve the stress-induced mood state
may prevent further intake of energy-dense foods. Studies by
Markus et al. [18,19] showed that carbohydrate-rich, protein-poor
foods improve mood and stress coping following acute stress-
inducing tasks, only in stress-vulnerable subjects, possibly due to
increased levels of brain tryptophan and serotonin. Firk et al. [20]
showed that intake of tryptophan-rich hydrolyzed protein
increased positive mood and dampened the cortisol response to
acute stress.
We hypothesized that high-protein foods, in contrast to
comparable high-carbohydrate foods, would not increase salivary
cortisol concentrations more under stress and consequently would
improve mood.
Methods
Ethics Statement
All procedures were carried out with the adequate understand-
ing and written consent of the subjects. The study was approved by
the Medical Ethical Committee of the Maastricht University, and
was in compliance with the Declaration of Helsinki. The study was
registered in the Dutch Trial Register (NTR, TC=1904). The
protocol described here in this study deviates from the trial
protocol approved by the Medical Ethical Committee of the
Maastricht University as it comprises only a part of the approved
trial protocol.
Subjects
Thirty-eight Caucasian subjects (19m/19f; age 2569 yrs
(mean6SD, range 18–51 yrs)) with a body mass index (BMI) of
25.063.3 kg/m2 (mean6SD, range 18.9–30.5 kg/m2) participat-
ed in this study. Based upon the study by Vicennati et al. [10],
power analysis showed that with an a of 0.0125 (taking into
account the Bonferroni correction for multiple testing) and b of
0.10 (power = 1-b=0.90), at least 31 subjects were needed.
Subjects were recruited by advertisements in local newspapers
and on notice boards at the university. They underwent an initial
screening including measurement of body weight, height, waist
circumference and hip circumference, and completion of a
questionnaire related to health, use of medication, smoking
behavior, alcohol consumption, physical activity and eating
behavior. Eating behavior was analyzed using a validated Dutch
translation of the Three Factor Eating Questionnaire (TFEQ)
which measures three components: ‘cognitive restraint of eating’
(factor 1), ‘disinhibition of restraint’ (factor 2), and ‘subjective
feeling of hunger’ (factor 3) [21].
Study design
The study was conducted in a randomized cross-over design. All
subjects came to the university four times in a fasted state between
08:00 and 9:00 AM, once for a stress test session receiving a high-
protein meal, once for a rest test session receiving a high-protein
meal, once for a stress test session receiving a high-carbohydrate
meal, and once for a rest test session receiving a high-carbohydrate
meal. The order of the four conditions was randomized across the
subjects to prevent any order effects.
Figure 1 gives a schematic overview of the study design. After
arrival at the university, subjects were seated in the laboratory and
remained seated throughout the experiment. All subjects received
50 g of yoghurt (‘Campina magere yoghurt naturel’, 84 kJ,
Energy% Protein/Carbohydrate/Fat (En% P/C/F) 53/44/2) to
prevent extreme hunger feelings. The test sessions started two
hours later, to overcome the high cortisol morning peak and
consequently to prevent the more difficult detection in salivary
cortisol changes. Moreover, the two-hour waiting period gave the
subjects the chance to adapt to the laboratory environment.
During those two hours subjects remained seated and read a book
or magazine.
An ego threatening computer test containing elements of an IQ-
test was used to create the stress vs. rest conditions in subjects
[9,22,23]. Two versions of the computer test were used: a difficult
stress version with not enough time to solve the assignments and
an easier control version with enough time to solve the
assignments. This computer test was an updated version of the
test used by Rutters et al. [9] and Born et al. [24] and had a
duration of 20 min. Subjects were given the computer test before
consumption of the test meal. This test meal (lunch) was either a
high-protein meal or a high-carbohydrate meal, which had to be
consumed entirely within 30 min. After the meal subjects rinsed
their mouth thoroughly with cold water, prior to salivary sample
collection.
The stress response was determined by means of salivary cortisol
concentrations, Profile Of Mood State (POMS) and State Trait
Anxiety Inventory (STAI) questionnaires. One hundred unit visual
analogue scales (VAS; in mm) were used to assess the appetite
profile. Salivary samples and questionnaires were collected six
times per test session.
All women were tested in the follicular phase, as it has been
shown that women have a higher spontaneous energy intake in the
luteal phase compared with the follicular phase [10,25].
Test meals
The test meal was either a high-protein lunch (En% P/C/F 65/
5/30) or a high-carbohydrate lunch (En% P/C/F 6/64/30). Both
meals were comparable and matched for energy density: 4 kJ/g.
The amount of the meals that was given to the subjects
corresponded to 30% of their daily energy requirements (DER).
For each subject the DER were calculated by multiplying the basal
metabolic rate (BMR) by the appropriate physical activity factor
(1.5–1.8, derived from the screening questionnaire, [26]). The
BMR (kcal/day) was calculated according to the equation of
Harris–Benedict [27].
The high-protein meal consisted of a salad (iceberg lettuce,
cucumber, mushroom, and sunflower oil), Gouda cheese, salami,
and a strawberry protein shake. The high-carbohydrate meal
consisted of a salad (iceberg lettuce, cucumber, green pepper, and
sunflower oil), savory cheese biscuits and TUC bacon biscuits, and
a strawberry carbohydrate shake. In both meals the shakes
represented 47 En% of the total meal. Beforehand, during
screening, subjects had to taste and rate the food items for
subjective liking (VAS), in order to check whether all food items
were acceptable.
Questionnaires
One hundred unit VAS (mm) were used to assess the appetite
profile. The scales were anchored with ‘not at all’ at one end and
‘extremely’ at the other end, and combined with questions on
feelings of hunger, thirst, fullness, satiety, and desire to eat, and on
subjective liking and wanting of the test meals.
Mood states were assessed using a modified version of the Dutch
translation of the POMS [28]. This questionnaire contains 35
adjectives that are rated on a five-point scale and is divided into
five subscales (depression, tension, confusion, fatigue, and anger).
The Dutch translation of the state scale of the STAI questionnaire
was used to measure state anxiety [29]. Subjects had to rate 20
statements on how they felt at that moment on a four-point scale.
Macronutrients and Cortisol Response
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An increase in POMS and STAI scores is associated with a
worsening in mood.
The VAS, POMS and STAI questionnaires were completed six
times throughout the test sessions at 25, 25, 75, 110, 150, and
200 min (Figure 1).
Beforehand, during screening, subjects were familiarized with
the questionnaires.
Saliva samples
To determine salivary cortisol levels, six saliva samples were
collected at 0, 30, 80, 125, 155, and 205 min (Figure 1) with the
help of cotton swabs (Salivettes, Sarstedt, Etten-Leur, The
Netherlands). Subjects were instructed to gently chew on the
swab for one min. Cotton swabs were then transferred to the
plastic containers and stored at 220uC until analysis. During
screening subjects had the chance to chew on a swab in order to
get used to the procedure.
Salivary cortisol concentrations were measured by the labora-
tory of Prof. Dr. C. Kirschbaum, Dresden University of
Technology, Germany. After thawing, saliva samples were
centrifuged at 3000 rpm for 10 min. Luminescence Immunoassay
(IBL, Hamburg, Germany) with intra- and inter-assay precision of
2.5% and 4.7%, respectively, was used to measure salivary cortisol
concentrations.
Statistics
Data were analyzed using StatView 5.0 (SAS Institute Inc.,
Cary, NC, USA). ANOVA with repeated measures was used to
study the conditional effects of stress vs. rest and of high-protein vs.
high-carbohydrate, and the effects of time, on cortisol level
measurements and questionnaire data (POMS, STAI, VAS).
Factorial ANOVA was used to analyze differences between men
and women. Paired and unpaired Student’s t-tests were used as
Post hoc analyses for significant interactions to aid interpretation.
Simple linear regression models were used for correlation analysis
between parameters. Areas under the curve (AUC) for cortisol and
questionnaire data were calculated using the trapezoid method. All
tests were two-sided and differences were considered significant at
p,0.05. Values are expressed as mean 6 standard error of the
mean (SEM), unless stated otherwise.
Results
Subject characteristics
The characteristics of the subjects are summarized in Table 1.
No significant differences were shown between men and women in
age, BMI, hip circumference, and disinhibition score. Women
showed a significantly higher dietary restraint score and feeling of
hunger score when compared with men (p,0.05). Men showed
significantly higher height, body weight, waist circumference, and
salivary cortisol concentrations (AUC) when compared with
women (p,0.05). Therefore, the results of men and women were
analyzed separately.
Stress parameters
Salivary cortisol levels were analyzed for men and women
separately. Salivary cortisol levels did not differ between the
conditions of stress vs. rest and high-protein vs. high-carbohydrate
in men and women (AUC and per time point, Figure 2). There
was an overall effect of time on salivary cortisol levels in men and
women (p,0.0001). Consumption of the test meals (time point 80–
125 min, Figure 2) induced increased salivary cortisol levels in
men in all conditions (p,0.01) and in women in the rest-protein
and stress-protein condition (p,0.03). This meal-induced increase
in cortisol levels was higher in men compared with women in all
conditions (p,0.05). Men showed overall higher salivary cortisol
levels compared with women (AUC p,0.0001; Figure 2), in all
conditions. Cortisol baseline values (time point 0 min, Figure 2)
did not differ between men and women, in all conditions.
Men had a higher waist-to-hip ratio compared with women
(p,0.01) and simple regression analysis showed a positive
relationship between cortisol levels (AUC) and waist-to-hip ratio
(p,0.04, R2= 0.1).
POMS and STAI questionnaires showed higher feelings of
depression, tension, anger, and anxiety during the stress vs. rest
test sessions, (ANOVA repeated measures: AUC of POMS and
STAI scores rest-stress x carbohydrate-protein, main effect of
stress, p,0.02), indicating that the applied stressor was effective in
inducing psychological stress, regardless of the dietary condition.
Consumption of the high-protein vs. high-carbohydrate meal did
not affect feelings of depression, tension, anger, and anxiety
differently (ANOVA repeated measures: change in POMS and
Figure 1. Schematic overview of the study design. Numbers in brackets represent the time points (in min) at which data was collected or tasks
were completed. ‘Question’, questionnaires; ‘Saliv sample’, salivary sample.
doi:10.1371/journal.pone.0016826.g001
Table 1. Characteristics of men and women.
Men (n=19) Women (n=19) pa
Age (y) 25.668.6 24.969.3 n.s.
Height (cm) 180.267.7 168.666.4 ,.0001
Body weight (kg) 80.168.8 71.669.4 ,.01
BMI (kg/m2) 24.863.4 25.263.2 n.s.
Waist circumference (cm) 86.469.7 79.969.9 ,.05
Hip circumference (cm) 103.765.5 105.565.1 n.s.
Dietary restraint score 4.763.7 7.564.0 ,.05
Disinhibition score 3.961.4 5.162.9 n.s.
Feeling of hunger score 3.162.3 5.663.4 ,.01
Values are means6SD.
ap-value: differences between men and women (factorial ANOVA).
n.s. = non-significant.
doi:10.1371/journal.pone.0016826.t001
Macronutrients and Cortisol Response
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STAI scores pre- to post-meal rest-stress x carbohydrate-protein,
p.0.1). There were no differences in POMS and STAI scores
between men and women, in all conditions.
Simple linear regression models showed that salivary cortisol
concentrations were not related to POMS and STAI scores in men
and women, in all conditions, when analyzing the AUC, and the
change in cortisol concentrations and POMS and STAI scores
pre- to post-meal.
Appetite profile
The fasted state was confirmed by low satiety and fullness scores
(11.862.5, 9.661.9 mmVAS), and high hunger, ‘desire to eat’, and
thirst scores (80.662.6, 83.962.2, 68.163.7 mmVAS). Consump-
tion of the lunch resulted in an increase in satiety and fullness scores
(D=63.264.6, 69.963.7 mmVAS, p,0.001), and a decrease in
hunger, ‘desire to eat’, and thirst scores (D=67.863.3, 68.563.3,
33.864.3 mmVAS, p,0.001). Conditions of stress vs. rest and of
high-protein vs. high-carbohydrate did not affect feelings of hunger,
thirst, desire to eat, satiety, and fullness (AUC and per time point).
Consumption of the test meals decreased their subjective liking and
wanting (p,0.001; average liking scores pre- and post-meal:
53.563.7, 43.464.0 mmVAS; average wanting score pre- and
post-meal: 65.364.3, 8.762.0 mmVAS). Conditions of stress vs. rest
and of high-protein vs. high-carbohydrate did not influence liking of
the test meals pre- and post-meal, confirming that the meals were
comparable. The condition of stress vs. rest did not influence wanting
of the test-meals pre- and post-meal, though during stress the change
in wanting pre- to post-meal was larger in the high-protein condition
compared with the high-carbohydrate condition (p=0.03).
The changes in VAS scores for the appetite profile parameters
pre- to post-consumption of the test meals did not differ between
men and women.
Discussion
The main objective of this study was to investigate the possible
effects of consumption of meals with different macronutrient
contents (high-protein vs. high-carbohydrate) on the physiological
cortisol response and on the psychological mood response under
stress. Based upon studies of Vicennati et al. [10], Lacroix et al.
[11], and Martens et al. [12], we hypothesized that high-protein
foods, in contrast to high-carbohydrate foods, would not increase
salivary cortisol concentrations more under stress and consequent-
ly would improve mood.
In our study the acute psychological stress condition was
confirmed by means of POMS and STAI questionnaires, but not
endocrinologically by increased salivary cortisol levels. The type of
stressor used in the laboratory context might have been too light to
elicit a physiological cortisol response [30].
Our study showed a clear meal-induced salivary cortisol
response, though no difference in response was detected between
consumption of a high-protein lunch and a high-carbohydrate
lunch. Some studies have shown that food intake, particularly at
lunch, increases cortisol secretion [13,31,32,33]. In contrast, a study
by Bray et al. [34] assessing the hormonal responses to a fast-food
meal compared with nutritionally comparable meals of different
composition, showed no significant salivary cortisol response to
meal ingestion. Lovallo et al. [16] showed no meal-induced salivary
cortisol response in the case of a mental stressor followed by a meal
but did show a meal-induced cortisol response in the case of a
physical stressor followed by a meal. This response was higher in
women compared with men [16]. The cortisol response to mental
stress was smaller in women compared with men [16].
In contrast to our findings, some studies indicated that the
macronutrient composition of a meal may influence the magnitude
of the cortisol response. Studies by Vicennati et al. [10] andMartens
et al. [12] showed higher cortisol levels following a high-
carbohydrate meal compared with a high-protein/fat meal. Studies
by Gibson et al. [13] and Slag et al. [14] showed increased cortisol
levels induced by a protein-rich meal. On the other hand, the study
by Bourrilhon et al. [35], investigating the influence of protein- vs.
carbohydrate-enriched feedings on physiological responses during
an ultra endurance climbing race, showed no effect of diet on serum
cortisol levels. It is not clear yet whether the macronutrient
composition of a meal can indeed influence cortisol levels. The use
of mixed meals instead of single macronutrients, as used in the study
Figure 2. Salivary cortisol concentrations (mean±SEM) at six time points (0, 30, 80, 125, 155, and 205 min) throughout the four test
sessions: rest-carbohydrate (RC), stress-carbohydrate (SC), rest-protein (RP), stress-protein (SP); for men (n=19, M) and women
(n=19, F). **p,0.0001 for overall (AUC) higher cortisol levels in men vs. women;#p,0.05 for higher meal-induced increase in cortisol levels in men
vs. women (time point 80–125 min); *p,0.03 for increased cortisol levels in men in all conditions, in women in RP and SP (time point 80 vs. 125 min).
doi:10.1371/journal.pone.0016826.g002
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by Martens et al. [12], might limit the detection of possible effects of
macronutrients on cortisol levels.
Men compared with women participating in our study, showed
higher meal-induced salivary cortisol levels and higher overall
salivary cortisol levels. According to the review by Kudielka et al.
[36], it seems that adult men show higher cortisol responses to
psychological stress tasks compared with women, though there are
still inconsistencies in literature. Kirschbaum et al. [37] showed sex
differences for free salivary cortisol but not for total cortisol stress
responses: women taking oral contraceptives and women in the
follicular phase had significantly lower free cortisol stress responses
than men. In our study there were no differences in salivary cortisol
levels between women taking oral contraceptives (n= 11) and
women taking no oral contraceptives (n= 8), which is in accordance
with studies of e.g. Kirschbaum et al. [37] and Liening et al. [38].
Based on the study of Kirschbaum et al. [37] we hypothesize that
the lower salivary cortisol levels in women compared with men
might be explained by the fact that women in our study participated
during the follicular phase, though the effect seen in the study of
Kirschbaum et al. [37] was induced by the psychological stressor,
which was not the case in our study. Literature on gender
differences concerning meal-induced cortisol increases is scarce.
Men in our study had a larger waist circumference and waist-to-
hip ratio compared with women. The meta-regression analysis by
de Koning et al. [39] indicated that waist circumference and waist-
to-hip ratio are associated with the risk of cardiovascular diseases. It
can be hypothesized that the greater cortisol response observed in
men may be associated with visceral fat accumulation and an
elevated risk for cardiovascular diseases and diabetes and may help
explain the higher prevalence for these diseases in men [1,4,36,40].
In contrast to significant gender differences concerning
physiological cortisol levels, the psychological mood state did not
differ between men and women in our study and physiological
cortisol levels were not related to the psychological mood state
scores. Moreover, the mood state was not affected by macronu-
trient composition of the diets. This might be explained by the fact
that the high-protein meal and the high-carbohydrate meal were
highly comparable, as shown by the VAS scores for the appetite
profile parameters. Liking of the test meals and feelings of hunger,
thirst, desire to eat, satiety and fullness did not differ between the
high-protein and high-carbohydrate condition. It is known from
literature that protein is the most satiating macronutrient, and that
high-protein meals are more satiating than high-carbohydrate
meals [41]. However, our results showed no greater feelings of
satiety in the high-protein vs. high-carbohydrate condition. A
possible explanation might be that the morning consumption of
50 g of yoghurt was relatively high in protein, and due to this high
protein content the lower protein intake and higher carbohydrate
intake two hours later might not have resulted in a difference in
feelings of satiety at that moment.
In summary, consumption of comparable meals with different
macronutrient contents, i.e. high-protein vs. high-carbohydrate,
does not influence the physiological cortisol response and the
psychological mood response differentially. In our everyday life
where stress is a pervasive factor, the development of functional
foods, able to regulate the stress response, would be helpful to
improve or maintain quality of life, as suggested in the review by
Takeda et al. [42]. Foods with the macronutrient contents used in
our study seem ineffective in regulating the physiological and
psychological stress response. Men in our study showed a higher
waist-to-hip ratio and elevated salivary cortisol levels compared
with women, which may be associated with an increased risk for
cardiovascular diseases and diabetes.
To conclude, consuming a high-protein vs. a high-carbohydrate
meal does not influence the physiological cortisol response and the
psychological mood response differentially. Men show a higher
meal-induced salivary cortisol response compared with women.
Author Contributions
Conceived and designed the experiments: SGL MSW-P. Performed the
experiments: SGL EAM. Analyzed the data: SGL. Contributed reagents/
materials/analysis tools: SGL. Wrote the paper: SGL. Updated the
psychological computer test to create the stress vs. rest condition in
subjects: JMB.
References
1. Torres SJ, Nowson CA (2007) Relationship between stress, eating behavior, and
obesity. Nutrition 23: 887–894.
2. Adam TC, Epel ES (2007) Stress, eating and the reward system. Physiol Behav
91: 449–458.
3. Nieuwenhuizen AG, Rutters F (2007) The hypothalamic-pituitary-adrenal-axis
in the regulation of energy balance. Physiol Behav 94: 169–177.
4. Kyrou I, Chrousos GP, Tsigos C (2006) Stress, visceral obesity, and metabolic
complications. Ann N Y Acad Sci 1083: 77–110.
5. Bjorntorp P, Rosmond R (2000) Obesity and cortisol. Nutrition 16: 924–936.
6. Bjorntorp P (2001) Do stress reactions cause abdominal obesity and
comorbidities? Obes Rev 2: 73–86.
7. Oliver G, Wardle J, Gibson EL (2000) Stress and food choice: a laboratory
study. Psychosom Med 62: 853–865.
8. Zellner DA, Loaiza S, Gonzalez Z, Pita J, Morales J, et al. (2006) Food selection
changes under stress. Physiol Behav 87: 789–793.
9. Rutters F, Nieuwenhuizen AG, Lemmens SG, Born JM, Westerterp-
Plantenga MS (2009) Acute stress-related changes in eating in the absence of
hunger. Obesity (Silver Spring) 17: 72–77.
10. Vicennati V, Ceroni L, Gagliardi L, Gambineri A, Pasquali R (2002) Comment:
response of the hypothalamic-pituitary-adrenocortical axis to high-protein/fat
and high-carbohydrate meals in women with different obesity phenotypes. J Clin
Endocrinol Metab 87: 3984–3988.
11. Lacroix M, Gaudichon C, Martin A, Morens C, Mathe V, et al. (2004) A long-
term high-protein diet markedly reduces adipose tissue without major side effects
in Wistar male rats. Am J Physiol Regul Integr Comp Physiol 287: R934–942.
12. Martens MJ, Rutters F, Lemmens SG, Born JM, Westerterp-Plantenga MS
(2010) Effects of single macronutrients on serum cortisol concentrations in
normal weight men. Physiol Behav Epub ahead of print.
13. Gibson EL, Checkley S, Papadopoulos A, Poon L, Daley S, et al. (1999)
Increased Salivary Cortisol Reliably Induced by a Protein-Rich Midday Meal.
Psychosom Med 61: 214–224.
14. Slag MF, Ahmad M, Gannon MC, Nuttall FQ (1981) Meal stimulation of
cortisol secretion: a protein induced effect. Metabolism 30: 1104–1108.
15. Gonzalez-Bono E, Rohleder N, Hellhammer DH, Salvador A, Kirschbaum C
(2002) Glucose but Not Protein or Fat Load Amplifies the Cortisol Response to
Psychosocial Stress. Horm and Behav 41: 328–333.
16. Lovallo WR, Farag NH, Vincent AS, Thomas TL, Wilson MF (2006) Cortisol
responses to mental stress, exercise, and meals following caffeine intake in men
and women. Pharmacol Biochem Behav 83: 441–447.
17. Epel E, Lapidus R, McEwen B, Brownell K (2001) Stress may add bite to
appetite in women: a laboratory study of stress-induced cortisol and eating
behavior. Psychoneuroendocrinology 26: 37–49.
18. Markus CR, Panhuysen G, Tuiten A, Koppeschaar H, Fekkes D, et al. (1998)
Does Carbohydrate-rich, Protein-poor Food Prevent a Deterioration of Mood
and Cognitive Performance of Stress-prone Subjects when Subjected to a
Stressful Task? Appetite 31: 49–65.
19. Markus R, Panhuysen G, Tuiten A, Koppeschaar H (2000) Effects of food on
cortisol and mood in vulnerable subjects under controllable and uncontrollable
stress. Physiol Behav 70: 333–342.
20. Firk C, Markus CR (2009) Mood and cortisol responses following tryptophan-
rich hydrolyzed protein and acute stress in healthy subjects with high and low
cognitive reactivity to depression. Clin Nutr 28: 266–271.
21. Stunkard AJ, Messick S (1985) The three-factor eating questionnaire to measure
dietary restraint, disinhibition and hunger. J Psychosom Res 29: 71–83.
22. Peters ML, Godaert GL, Ballieux RE, van Vliet M, Willemsen JJ, et al. (1998)
Cardiovascular and endocrine responses to experimental stress: effects of mental
effort and controllability. Psychoneuroendocrinology 23: 1–17.
23. Hemmink GJM, Bredenoord AJ, Weusten BLAM, Timmer R, Smout AJPM
(2009) Does acute psychological stress increase perception of oesophageal acid?
Neurogastroenterol Motil 21: 1055–1086.
24. Born JM, Lemmens SGT, Rutters F, Nieuwenhuizen AG, Formisano E, et al.
(2009) Acute stress and food-related reward activation in the brain during food
choice during eating in the absence of hunger. Int J Obes.
Macronutrients and Cortisol Response
PLoS ONE | www.plosone.org 5 February 2011 | Volume 6 | Issue 2 | e16826
25. Sorensen LB, Moller P, Flint A, Martens M, Raben A (2003) Effect of sensory
perception of foods on appetite and food intake: a review of studies on humans.
Int J Obes Relat Metab Disord 27: 1152–1166.
26. McArdle WD, Katch FI, Katch VL (1996) Exercise Physiology. Baltimore:
Williams and Watkins.
27. Harris JA, Benedict FG (1918) A Biometric Study of Human Basal Metabolism.
Proc Natl Acad Sci U S A 4: 370–373.
28. Albrecht RR, Ewing SJ (1989) Standardizing the administration of the Profile of
Mood States (POMS): development of alternative word lists. J Pers Assess 53:
31–39.
29. Tenenbaum G, Furst D, Weingarten G (1985) A statistical reevaluation of the
STAI anxiety questionnaire. J Clin Psychol 41: 239–244.
30. Michaud K, Matheson K, Kelly O, Anisman H (2008) Impact of stressors in a
natural context on release of cortisol in healthy adult humans: A meta-analysis.
Stress 11: 177–197.
31. Peeters F, Nicholson NA, Berkhof J (2003) Cortisol Responses to Daily Events in
Major Depressive Disorder. Psychosom Med 65: 836–841.
32. Van Cauter E, Shapiro ET, Tillil H, Polonsky KS (1992) Circadian modulation
of glucose and insulin responses to meals: relationship to cortisol rhythm.
Am J Physiol Endocrinol Metab 262: 467–475.
33. Svec F, Shawar A-L (1997) The acute effect of a noontime meal on the serum
levels of cortisol and DHEA in lean and obese women. Psychoneuroendocrinol-
ogy 22: S115–S119.
34. Bray GA, Most M, Rood J, Redmann S, Smith SR (2007) Hormonal Responses
to a Fast-Food Meal Compared with Nutritionally Comparable Meals of
Different Composition. Ann Nutr Metab 51: 163–171.
35. Bourrilhon C, Lepers R, Philippe M, Beers PV, Chennaoui M, et al. (2010)
Influence of protein- versus carbohydrate-enriched feedings on physiological
responses during an ultraendurance climbing race. Horm Metab Res 42: 31–37.
36. Kudielka BM, Kirschbaum C (2005) Sex differences in HPA axis responses to
stress: a review. Biol Psychol 69: 113–132.
37. Kirschbaum C, Kudielka BM, Gaab J, Schommer NC, Hellhammer DH (1999)
Impact of Gender, Menstrual Cycle Phase, and Oral Contraceptives on the
Activity of the Hypothalamus-Pituitary-Adrenal Axis. Psychosom Med 61:
154–162.
38. Liening SH, Stanton SJ, Saini EK, Schultheiss OC (2010) Salivary testosterone,
cortisol, and progesterone: Two-week stability, interhormone correlations, and
effects of time of day, menstrual cycle, and oral contraceptive use on steroid
hormone levels. Physiol Behav 99: 8–16.
39. de Koning L, Merchant AT, Pogue J, Anand SS (2007) Waist circumference and
waist-to-hip ratio as predictors of cardiovascular events: meta-regression analysis
of prospective studies. Eur Heart J 28: 850–856.
40. Rutters F, Nieuwenhuizen AG, Lemmens SG, Born JM, Westerterp-
Plantenga MS (2010) Hypothalamic-Pituitary-Adrenal (HPA) axis functioning
in relation to body fat distribution. Clin Endocrinol (Oxf) 72: 738–743.
41. Westerterp-Plantenga MS, Nieuwenhuizen A, Tome´ D, Soenen S,
Westerterp KR (2009) Dietary protein, weight loss, and weight maintenance.
Annu Rev Nutr 29: 21–41.
42. Takeda E, Terao J, Nakaya Y, Miyamoto K, Baba Y, et al. (2004) Stress control
and human nutrition. J Med Invest 51: 139–145.
Macronutrients and Cortisol Response
PLoS ONE | www.plosone.org 6 February 2011 | Volume 6 | Issue 2 | e16826
